ABSTRACT While searching for mutations that alleviate detrimental effects of mitochondrial DNA (mtDNA) damage, we found that disrupting vacuolar biogenesis permitted survival of a sensitized yeast background after mitochondrial genome loss. Furthermore, elevating vacuolar pH increases proliferation after mtDNA deletion and reverses the protein import defect of mitochondria lacking DNA.
L
OSS of the mitochondrial genome prevents oxidative phosphorylation, yet there are additional biochemical consequences of mtDNA mutation. Damage to mtDNA perturbs the tricarboxylic acid cycle, a major hub for biosynthetic reactions (Liu and Butow 1999) . Moreover, mitochondrial dysfunction can result in genomic instability in the nucleus (Veatch et al. 2009) or in increased apoptosis (Kujoth et al. 2005) . Importantly, mtDNA mutation or deletion impairs mitochondrial protein import, an essential process, by lowering the electrochemical potential (DC mito ) across the mitochondrial inner membrane (Reid and Schatz 1982; Veatch et al. 2009) .
Experiments using Saccharomyces cerevisiae offer an opportunity to study aspects of mitochondrial dysfunction in a genetically and biochemically tractable organism. Although mitochondria are essential, mtDNA is not required for viability of S. cerevisiae on fermentable medium, since sufficient ATP can be made by glycolysis (Chen and Clark-Walker 2000) . However, mutation of certain nuclear genes is not compatible with mtDNA loss. Death or extremely slow proliferation after mtDNA loss is called the "petite-negative" phenotype (Bulder 1964) .
In the hope of finding ways to relieve detrimental effects of mtDNA damage, we sought spontaneous mutations reverting the petite-negative phenotype of cells lacking Mgr1p, a substrate-binding adaptor for the i-AAA protease (Dunn et al. 2006; Dunn et al. 2008 ) (methods for suppressor isolation and identification are found in Supporting Information, File S1). Mutation of VPS16 allowed mgr1Δ cells to survive EtBrprecipitated mtDNA loss ( Figure 1A) , with absence of functional mtDNA confirmed by failed proliferation on medium requiring respiration after mating with a r 2 strain ( Figure  1B ). VPS16 deletion also permitted more rapid proliferation of MGR1 cells after mtDNA loss ( Figure 1A ). VPS16 encodes a member of the conserved, vesicle-tethering class C vacuolar protein sorting (C-Vps) complex, which plays a key role in endosomal trafficking (Nickerson et al. 2009 ). Similarly to vps16Δ, deletion of other genes encoding C-Vps complex members permitted mgr1Δ r 2 viability ( Figure 1C) .
The petite-negative phenotypes caused by deletion of mitochondrial import receptor Tom70p or of the prohibitin complex, mutations not known to affect the i-AAA protease, could also be suppressed by vps16Δ ( Figure 1D ). Like mgr1Δ, the petite-negative phenotypes of phb1Δ and tom70Δ are dependent upon strain background or medium conditions (Berger and Yaffe 1998; Dunn and Jensen 2003; Dunn et al. 2008) . However, "stronger" petite-negative mutations whose need for mtDNA appears less dependent on strain background or medium, such as yme1Δ, atp2Δ, or aac2Δ, could not be suppressed by VPS16 deletion ( Figure S1 ).
The C-Vps complex functions at multiple SNARE-dependent steps during endosomal trafficking, and combined deletion of the SNARE proteins Pep12 and Vam3 partially recapitulates the loss of C-Vps (Robinson et al. 1988) . Therefore, we asked whether pep12Δ or vam3Δ would permit survival of mgr1Δ r 2 .
Only deletion of PEP12 effectively suppressed mgr1Δ r 2 lethality (Figure 2A ), concentrating our attention on the consequences of deleting this SNARE protein.
Previously, microscopy-based assays suggested that pep12Δ mutants might be defective for vacuolar acidification (Preston et al. 1989; Palanisamy et al. 2010) . In agreement with these reports, we found that pep12Δ was sensitive to alkaline YEPD medium ( Figure 2B ) (Nelson and Nelson 1990; Yamashiro et al. 1990 ) and synthetically lethal with end3Δ (no pep12Δ end3Δ colonies arising from 22 tetrads of strain CDD477), both known phenotypes of mutations inhibiting vacuolar acidification (Munn and Riezman 1994) . Moreover, VPS16 deletion also caused sensitivity to elevated medium pH ( Figure 2B ), and the control mutant vma2Δ, as expected, did not proliferate in rich medium buffered to pH 7.6 (Nelson and Nelson 1990; Yamashiro et al. 1990) .
Consequently, we focused upon vacuolar pH and its impact on r 2 cells. Vma2p plays a structural role (Liu et al. 1996) and Vma13p plays a regulatory role in V 1 V O -ATPase assembly and function (Ho et al. 1993) . Deletion of either protein successfully suppressed the inviability of mgr1Δ r 2 ( Figure 3A ). Previous studies suggested that alkaline medium conditions can raise vacuolar pH (Nelson and Nelson 1990; Klionsky et al. 1992; Plant et al. 1999; Padilla-Lopez and Pearce 2006; Brett et al. 2011) . Indeed, culture in medium buffered to pH 7.6 also suppressed the petite-negative phenotype of mgr1Δ r 2 ( Figure 3B ). The division time of r 2 cells not containing a petite-negative mutation was also reduced by mutation of the V 1 V O -ATPase ( Figure 3C and Table  S3A ) or by culture in alkaline medium ( Figure 3D and Table  S3B ). Finally, treatment with the V 1 V O -ATPase inhibitor concanamycin A, while initially inhibiting cell division in the first 10 hr of treatment (Table S3D) , reduced the doubling time of r 2 cells after adaptation to the drug ( Figure 3E and Table  S3C ). The beneficial effects on r 2 cells provided by raising vacuolar pH or V 1 V O -ATPase mutation may be specific to the genetic background tested; r 2 cells from the W303 background do not appear to benefit from raised vacuolar pH (Table S3E and Table S3F ).
Mitochondria lacking mtDNA exhibit a very low DC mito , which is dependent upon exchange of cytosolic ATP 42 for Figure 1 Mutation of the C-Vps complex can suppress the petite-negative phenotype. (A) Deletion of VPS16 suppresses the petite-negative phenotype of mgr1Δ. Strains BY4742 (WT), CDD364 (mgr1Δ), CDD244 (vps16Δ), and CDD361 (mgr1Δ vps16Δ) were assayed for petite-negativity as described in File S1. (B) Viable, EtBr-treated mgr1Δ vps16Δ cells lack mtDNA. CDD361 (mgr1Δ vps16Δ) cells either untreated or treated for 1 day with EtBr were crossed to a r 2 isolate of BY4742 transformed with a plasmid conferring leucine prototrophy. After mating on YEPD, cells were struck to SD media lacking uracil. This plate was then replica plated to SMM media lacking leucine to confirm diploidy and to YEPGE media to assay the ability to respire. (C) Deletion of any core C-Vps complex member permits survival of mgr1Δ r 2 cells. Strains CDD364 (mgr1Δ), CDD390 (mgr1Δ pep5Δ), CDD391 (mgr1Δ vps33Δ), and CDD408 (mgr1Δ pep3Δ) were tested for a petite-negative phenotype. (D) Mutation of VPS16 suppresses petite-negative mutations affecting mitochondrial protein import or assembly. Strains CDD348 (phb1Δ), CDD347 (phb1Δ vps16Δ), CDD338 (tom70Δ), and CDD331 (tom70Δ vps16Δ) were subjected to a petite-negativity assay as described in File S1; however, CDD338 and CDD331 were incubated for 4 days at 30°after loss of mtDNA. Strains and the oligonucleotides used for their construction are found in Table S1 and Table S2 , respectively. Figure 2 Removal of the t-SNARE protein Pep12p recapitulates the petite-negative suppressive phenotype of vps16Δ and causes defective proliferation on alkaline medium. (A) Deletion of PEP12 allows survival of mgr1Δ r 2 cells. Strains CDD364 (mgr1Δ), CDD361 (mgr1Δ vps16Δ), CDD362 (mgr1Δ vam3Δ), CDD363 (mgr1Δ pep12Δ), and CDD365 (mgr1Δ pep12Δ vam3Δ) were tested for the petite-negative phenotype as described in File S1. (B) vps16Δ and pep12Δ cells are sensitive to increased extracellular pH. Strains BY4742 (WT), CDD496 (vma2Δ), CDD244 (vps16Δ), CDD493 (pep12Δ), and CDD494 (vam3Δ) were cultured to early log phase in YEPD and then serially diluted and either plated to YEPD at pH 5.9 or YEPD buffered to pH 7.6. Plates were incubated for 2 days at 30°.
F 1 -ATPase-produced ADP 32 across the inner membrane (Dupont et al. 1985; Giraud and Velours 1997; Jazayeri et al. 2003) . Because DC mito is low, r 2 mitochondria cannot efficiently import proteins from the cytosol (Schleyer et al. 1982; Veatch et al. 2009; Dasari and Kolling 2011) . Fluorescent proteins linked to the mitochondria-targeting presequence of Cox4p (Sesaki and Jensen 1999) can serve as in vivo reporters of protein import (Veatch et al. 2009) , and as expected, Cox4(1-21)-GFP accumulates in the cytosol in r 2 cells (Figure 4, A and B) . However, the ATP3-5 allele, thought to raise DC mito in r 2 cells (Kominsky et al. 2002; Dasari and Kolling 2011) , caused relocation of Cox4(1-21)-GFP to r 2 mitochondria (Figure 4, A and B) . Deletion of V 1 V O -ATPase components Vma2p or Vma13p also relocalized Cox4(1-21)-GFP to r 2 mitochondria (Figure 4, C and D) , suggesting increased DC mito in r 2 cells when vacuolar pH is raised. We note that the use of cationic dyes to assess DC mito when vacuolar pH is altered is contra-indicated by resultant effects on cellular dye uptake and distribution (Koning et al. 1993; Rottenberg and Wu 1998; Feldkamp et al. 2005; Martinez-Munoz and Kane 2008) .
If DC mito is increased when vacuolar pH changes, then by what mechanism? We envision two nonexclusive scenarios by which vacuolar pH might impinge upon DC mito . First, ATP hydrolysis in the mitochondrial matrix drives DC mito generation in r 2 mitochondria (Chen and Clark-Walker 2000; Kominsky et al. 2002; Clark-Walker 2003) , so transcriptional or post-transcriptional changes triggered by raised vacuolar pH may increase ATP hydrolysis in the matrix. We are currently investigating this possibility.
Second, changes in ion distribution or quantity resulting from higher vacuolar pH (Eide et al. 2005) could impinge upon the electrogenic circuit that is required for DC mito generation by r 2 cells, resulting in a more negatively charged mitochondrial matrix in comparison to the cytosol. A recent proteomic survey of purified vacuolar membranes identified a comprehensive list of nearly 150 proteins, including numerous ion transporters (Wiederhold et al. 2009 ). We compared this list of vacuolar proteins with the responses of more than 3700 deletion mutants to loss of the mitochondrial genome (Dunn et al. 2006 ). Yet, for mutants for which data are available, deletion of no individual vacuolar transporter corresponded with a significant increase in the relative division rate of r 2 cells compared to r + cells.
We reasoned that inorganic polyphosphate, a highly charged species localized to the vacuole (Urech et al. 1978) , might play a role in determining DC mito in r 2 cells. Indeed, inorganic polyphosphate depends upon a functional V 1 V O -ATPase for synthesis (Freimoser et al. 2006) . However, deletion of PHM4, required for vacuolar polyphosphate synthesis (Ogawa et al. 2000) , did not rescue mgr1Δ r 2 viability ( Figure S2A ). We anticipate that unbiased genetic screens might uncover specific vacuolar transporters or other proteins relevant to vacuolar pH effects on r 2 mitochondria.
In the course of our work, we tested other potential consequences of vps16Δ deletion, in addition to increased vacuolar pH, that might influence the proliferation of r 2 cells. These experiments provided no evidence that blocked Figure 3 Increasing vacuolar pH by mutation or by medium conditions suppresses the petite-negative phenotype of mgr1Δ and raises the proliferation rate of otherwise WT r 2 cells. (A) Abrogation of proton pumping by the V 1 V O -ATPase permits mgr1Δ r 2 viability. Strains CDD364 (mgr1Δ), CDD427 (mgr1Δ vma2Δ), and CDD440 (mgr1Δ vma13Δ) were tested for the petite-negative phenotype as described in File S1. (B) Alkaline extracellular pH rescues the mgr1Δ petite-negative phenotype. Strain CDD364 (mgr1Δ) was adapted overnight in either YEPD at pH 5.9 or YEPD buffered to pH 7.6. Cells were then, in the same buffer, cultured overnight in EtBr to logarithmic phase, serially diluted as for the standard petite-negativity test, plated on the indicated medium, and incubated at 30°for 3 days. (C) Disruption of the V 1 V O -ATPase raises the proliferation rate of r 2 cells. Strains BY4742 (WT) and CDD496 (vma2Δ) were either patched to YEPD + EtBr for 2 days to force mtDNA loss or left untreated. Densities of log-phase cultures were then followed at 600 nm and doubling times were determined (***, P , 0.0005 by two-tailed Student's t-test, unequal variance; n = 3; error bars relate standard deviation). Detailed information about doubling time calculations can be found in File S1. (D) Higher extracellular pH raises the division rate of r 2 cells relative to r + cells. r + and r 2 isolates of BY4742 (WT) were cultured overnight in YEPD at pH 5.9 or in YEPD buffered to pH 7.6. The next day, proliferation in the same medium was monitored as in C (*, P , 0.05 by two-tailed Student's t-test, unequal variance; n = 3; error bars relate standard deviation). (E) The V 1 V O -ATPase antagonist concanamycin A provides a late-acting, beneficial effect upon r 2 cells. BY4742 (WT) cells lacking mtDNA were cultured in YEPD containing 2 mM concanamycin A or DMSO vehicle. After 10 hr, culture density was monitored as in C (*, P , 0.05 by two-tailed Student's t-test, unequal variance; n = 4; error bars relate standard deviation). vacuolar lumenal proteolysis ( Figure S2B ), reduced autophagy ( Figure S2C ), perturbed vacuolar iron transport ( Figure  S2D ), or reduced TOR pathway activity ( Figure S2E ) are key mechanisms by which the fitness of r 2 cells is improved by impeding vacuolar biogenesis. Moreover, although deletion of C-Vps complex member Vps33p results in fragmented mitochondria (Wang and Deschenes 2006) , blocking mitochondrial fusion by FZO1 deletion (Hermann et al. 1998; Rapaport et al. 1998) did not permit survival of mgr1Δ r 2 cells generated by dissection of 21 tetrads from mgr1Δ/ MGR1 fzo1Δ/FZO1 strain CDD379. Finally, end3Δ r 2 cells inefficiently imported substrate into mitochondria, suggesting that reduced endocytosis after raising vacuolar pH (Perzov et al. 2002) is not the primary mechanism by which vacuolar pH influences r 2 mitochondria ( Figure S3 ).
Numerous mutations have been shown to both extend replicative lifespan (RLS) and suppress the petite-negative phenotype, prompting us to speculate that mtDNA damage might limit RLS in yeast and that most or all mutations suppressing the petite-negative phenotype might forestall replicative senescence (Dunn 2011) . However, a recent report demonstrates that V 1 V O -ATPase mutation leads to lower RLS, and, conversely, higher vacuolar acidity leads to extended RLS and a higher DC mito in aged, presumably r + cells (Hughes and Gottschling 2012) . Therefore, it seems unlikely that mtDNA loss is the proximal event causing replicative senescence in yeast. Moreover, the effects of increased vacuolar pH on r + and r 2 cells clearly differ drastically, perhaps as a result of the divergent mechanisms by which DC mito is generated in these two cell types.
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